In this study the crack growth resistance behavior and fracture toughness of human tooth enamel were quantified using incremental crack growth measures and conventional fracture mechanics. Results showed that enamel undergoes an increase in crack growth resistance (i.e. rising R-curve) with crack extension from the outer to the inner enamel, and that the rise in toughness is a function of distance from the dentin enamel junction (DEJ). The outer enamel exhibited the lowest apparent toughness (0.67 AE 0.12 MPa m 0.5 ), and the inner enamel exhibited a rise in the growth toughness from . Crack growth in the inner enamel was accompanied by a host of mechanisms operating from the micro-to the nano-scale. Decussation in the inner enamel promoted crack deflection and twist, resulting in a reduction of the local stress intensity at the crack tip. In addition, extrinsic mechanisms such as bridging by unbroken ligaments of the tissue and the organic matrix promoted crack closure. Microcracking due to loosening of prisms was also identified as an active source of energy dissipation. In summary, the unique microstructure of enamel in the decussated region promotes crack growth toughness that is approximately three times that of dentin and over ten times that of bone.
Introduction
Enamel, the outermost tissue of the human tooth, serves as a protective enclosure for the dentin and the vital pulp ( Fig. 1(a) ).
Comprised of approximately 96% mineral and only 4% organic matter (1% protein and 3% water) by weight, enamel is the most highly mineralized tissue of the human body [1, 2] . The inorganic portion is largely comprised of carbonated hydroxyapatite in the form of nanometer scale rods (w25 nm thick and w100 nm wide) that systematically combine to form long 'keyhole' shaped structures (4-8 mm in diameter) regarded as prisms [1, 2] . The prisms are arranged in a parallel fashion and extend from the dentin enamel junction (DEJ) to the occlusal surface. The prisms are surrounded by a 'sheath' of non-collagenous organic matrix.
To support oral function, enamel requires adequate hardness, stiffness and resistance to fracture. As such, the mechanical properties of enamel have been widely studied and discussed in the literature. Due to specimen size constraints imposed by the limited volume of enamel in human teeth, most studies on the mechanical behavior of enamel have been conducted using indentation techniques. The hardness and elastic modulus of enamel measured using indentations range from approximately 3 GPa to 6 GPa [3] [4] [5] and 70 GPa to 120 GPa [3] [4] [5] [6] [7] [8] , respectively. The variation in these properties has mainly been attributed to the structural anisotropy [4] and chemical composition [9, 10] . With regards to spatial distribution, both the hardness and elastic modulus increase as a function of distance from the DEJ [8] ; the outer (occlusal) enamel exhibits the highest hardness, elastic modulus and brittleness [11] .
In comparison to the efforts placed on understanding fracture in dentin and bone, few studies have characterized the fracture behavior of enamel. Rasmussen et al. [12] were the first to quantify crack growth in enamel using a notched (without pre crack) beam specimen under three point bending. They evaluated the work of fracture (W f ) defined as the work required to form a new surface of unit area. These authors reported that cracks oriented parallel to the prisms required less energy to invoke fracture than those oriented perpendicular to the prisms [12, 13] . However, they did not quantify the fracture toughness of enamel.
To date, the ''apparent fracture toughness'' of enamel has been estimated using indentation fracture resistance only, and varies from 0.4 to 1.5 MPa m 0.5 [3, 11, 14, 15] . The large range is potentially attributed to the structural anisotropy [3] ; enamel exhibits the lowest toughness for cracks oriented parallel to the long axis of the prisms [15] . From a clinical perspective this orientation is of primary interest as natural cracks found in vivo are preferentially oriented along the prism axis. With regards to spatial variation, Xu et al. [3] reported higher toughness for cracks in the occlusal surface (0.77 AE 0.05 MPa m 0. 5 ) compared to that in the buccal or lingual surface (0.52 AE 0.06 MPa m 0.5 ). However, other factors such as the magnitude of the indentation load [3, 14] and the assumed crack configuration (radial or Palmquist) [16] are important in the measures of indentation fracture resistance. For instance, the apparent toughness estimated assuming a Palmquist crack is reportedly higher than for a radial-median crack [16] . Indentation load may be important as well. Hassan et al. [14] reported an increase in toughness with indentation load, whereas SakarDeliormanli and Guden [16] reported a decrease. Perhaps of most relevance, there are several limitations and/or drawbacks to the indentation approach for estimating fracture toughness [17, 18] . After nearly three decades of research there is little consistency in the reported apparent fracture toughness of enamel. Despite the importance of human enamel to the field of restorative dentistry and the biomaterials community, no reported evaluation has quantified the crack growth resistance of this tissue from incremental crack growth measures coupled with an analysis using traditional fracture mechanics. Therefore, the main objectives of this study were to quantify the fracture toughness of enamel using controlled crack growth experiments and to understand the primary mechanisms contributing to the crack growth resistance. Here we present the first crack growth resistance curves (i.e. Rcurves) for human enamel.
Materials and methods
Freshly extracted caries free 3rd molars were acquired from participating dental practices in Maryland according to an approved protocol by the Institutional Review Board of the University of Maryland, Baltimore County. The molars were sectioned to obtain small cubes (2 Â 2 Â 2 mm 3 ) of cuspal enamel ( Fig. 1(a) ) using diamond impregnated slicing equipment (K.O. Lee Model S3818EL, Aberdeen, SD, USA) under continuous hydration. Inset compact tension (CT) specimens were prepared by embodying the enamel sections within Vit-l-escence (Ultradent Products, Inc., South Jordan, UT, USA) resin composite with overall dimensions of 8 Â 6 Â 2 mm 3 ( Fig. 1(b) ). The methods and equipment used in specimen preparation have been described in detail elsewhere [19, 20] . The inset was placed in the compact tension (CT) specimen body such that the direction of crack growth was oriented along the axis of the prisms. A back channel (1 mm wide) was introduced in all specimens to guide the direction of crack extension. Two holes were counter-bored for application of the opening mode loads as shown in Fig. 1(b) . Lastly, a chevron notch was machined using a diamond impregnated slicing wheel and the tip was sharpened using a razor blade and diamond paste (1 mm particles) to facilitate crack initiation.
All specimens were subjected to cyclic loading to initiate a crack from the sharpened notch using an Enduratec Model 3200 universal testing system and a hydration bath (22 C) of Hanks Balanced Salt Solution (HBSS). Crack initiation was achieved using a stress ratio (R) of 0.1 and frequency of 5 Hz. Cyclic loading of the specimens was continued until the crack was grown approximately 0.3 mm past the notch, resulting in a total crack length from the load-line of approximately 2 mm ( Fig. 1(b) ). Thereafter, quasi-static loading of the specimens was performed using a specially designed universal testing system complemented with a microscopic imaging system. A detailed description of the equipment and the imaging system is given elsewhere [20] . Prior to quasi-static loading the specimen surfaces were coated with a very thin layer (w5 mm thick) of diluted correction fluid mixed with toner powder (Fig. 2(a) ). The coating provided an adequate distribution of fine black speckles on a white background [22] that enabled application of micro Digital Image Correlation (DIC) (Fig. 2(b) ). Hydration of the samples during loading was achieved through a saturated cotton swab ''cradle'' that was nestled beneath the specimen and maintained moist with an eyedropper of HBSS.
Opening mode loads were applied to the CT specimens in 1 N increments until the onset of cracking was identified from decay in the load response. Loading was then continued in displacement control (0.1 mm/min) in increments of approximately 0.5 N and lower, followed by a dwell at each load increment, and then followed by partial unloading and reloading. Digital images were acquired using a digital microscope (SMZ-800 Steromicroscope; Nikon, Tokyo, Japan) and CCD camera (CV-A1 CCD camera; JAI America Inc., Laguna Hills, CA) at the onset of loading, at the peak load, and at the end of the load decay to document the crack growth process. The digital images were captured over a field of view of approximately 2 Â 2 mm 2 , with a resolution of 1376 Â 1035 pixels. These procedures were followed through progressive increments of crack extension until the onset of instability.
Following the experiments, DIC was performed on the acquired images to determine the full field displacement distribution within the specimens at selected crack lengths and to identify the crack tip ( Fig. 2(b) ). A Fast-Search Strategy (FSS) was used in comparing the displacement field of the deformed (i.e. during loading) to the undeformed (before loading) image. The displacement fields were used to examine the crack opening displacement (COD) profile over the entire extension history. In turn, the COD distributions were used to precisely identify the crack tip from the location of ''zero'' opening displacement in the v-direction (crack opening direction). A detailed description of the DIC process and its application is given elsewhere [20, 22] . The opening mode stress intensity (K I ) distribution with crack extension was calculated according to:
where P is the opening load (N), a is the ratio of a to W (Fig. 1(b) ), B is the specimen thickness and B* is the specimen thickness within the back channel. Eq. (1) is valid for 2.0 a 3.6 mm and was developed from results of a numerical model for fracture. Statistical differences were evaluated using the Student's t-test and significance was identified by p 0.05. To understand the mechanisms associated with crack extension, additional microscopic observations of the crack path were performed on uncoated specimens using a digital microscope (Navitar, IEEE 1394). In addition, unbroken and fractured enamel specimens were dehydrated in air for 24 h, sputtered with gold palladium, and examined using a scanning electron microscope (SEM, model JSM 5600, JEOL Inc., Peabody, MA) in secondary electron imaging mode. 
Results
A typical load versus load-line displacement response from quasi-static loading is shown in Fig. 2 (c) and highlights pre-loading (Region I) and incremental crack extension (Region II). For all specimens the initial (i.e. first) crack growth increment extended over a comparatively large distance (Da i ) 0.3 w Da i w 0.8 mm.
Thereafter, the crack growth increments progressed over smaller extensions (Da i < 0.1 mm) until the specimen underwent unstable fracture. An optical micrograph of the crack path within an enamel inset specimen is shown in Fig. 3(a) . Notice that the crack exhibits two distinct zones with unique morphology. The first half (left) of the incremental crack growth (of Region II) is characterized by a continuous straight path, whereas the second half (right) exhibits a discontinuous path with evidence of crack deflection, crack bifurcation, and a number of fractured ligaments that bridged the crack. Based on these features, the crack growth responses were characterized in terms of the 'outer' (nearest the tooth's surface) and the 'inner' (nearest the DEJ) enamel. The physical distinction between the outer and inner enamel was further established from observation of the fracture surfaces ( Fig. 3(b) ). Straight prisms were present in the outer enamel, in contrast to the oblique crossing of bundles of prisms (i.e. decussation) in the inner enamel. Analogous to features observed using optical microscopy, the SEM observation of the fracture surfaces revealed a transition from a smooth fracture plane in the outer enamel ( Fig. 3(c) ) to a comparatively rough surface in the inner enamel ( Fig. 3(d) ). These two zones of crack growth were distinctly evident and established that the crack growth resistance was a function of distance from the tooth's surface.
A typical crack growth resistance curve for an enamel specimen is shown in Fig. 4 (a). All specimens exhibited a rise in critical stress intensity with crack extension (i.e. rising R-curve) as evident in this figure. Overall, the rise in crack growth resistance with crack extension was lowest within the outer enamel and increased with proximity to the DEJ. Crack growth in the innermost enamel was frequently arrested and required higher driving forces to continue extension. The R-curves were quantified in terms of the initiation and growth behavior, which corresponded to growth within the outer and inner regions, respectively. Specifically, the magnitude of stress intensity at the onset of stable crack extension from the existing pre crack was quantified by the ''initiation toughness'' (K o ) as denoted in Fig. 4(a) . For most materials that exhibit rising Rcurve behavior the fracture toughness (K c ) is quantified from the ''plateau'' 1 in fracture resistance [23] . However, the enamel responses did not exhibit a distinct plateau and, hence, the K c was quantified from the maximum recorded stress intensity (K I ) at the onset of unstable fracture. The rise in resistance with incremental extension between K o and K c was quantified by a ''growth toughness'' (K g ) defined by the slope of the stress intensity distribution per unit crack extension. Note that K g was quantified for the outer and the inner enamel separately according to the crack location. The maximum growth toughness in the inner enamel (K g(i) ) was estimated from the slope of a second degree polynomial fit to the growth response ( Fig. 4(a) ) near the point of instability. Crack growth resistance curves for stable extension (up to approximately 1.6 mm) in all the enamel specimens are shown in Fig. 4(b) . The specific components of toughness obtained from the Rcurves are listed in Table 1 Results from both assessments distinguished that the largest rise in crack growth resistance occurred in the inner enamel (especially in proximity of the DEJ) and that the largest resistance was always consistent with the point of instability. The rise in crack growth resistance was accompanied by a number of mechanisms that were largely restricted to the inner (decussated) enamel. Crack bridging induced by unbroken ligaments was evident from examination of the advancing crack ( Fig. 3(a) ). From observations of the crack path and the ligaments it appeared that the bridging material was comprised of prisms as well as interprismatic enamel. Observations of the crack face at high magnification also showed evidence of bridging induced by the organic matrix residing between the prisms (Fig. 5) . The fracture surfaces showed evidence of broken ligaments spread across the specimen thickness, as well as complex crack growth patterns that coincided with the unique arrangement of prisms (Fig. 6) . A schematic representation of prism decussation is shown in Fig. 6(a) . In the outer enamel with relatively straight prisms the crack extended along the weaker prism boundaries as evident by the dome-shaped prism heads appearing about the fracture plane (Fig. 6(b) ). Within the inner enamel, the crack frequently encountered prisms oblique to the crack path, causing either in-plane deflection (twist) up to 45 ( Fig. 6(c) ) or out of plane deflection (curving) up to 70 (Fig. 3(d) ). In such cases the crack extended both along and across the prisms, resulting in fracture of the prisms (Fig. 6(d) within the intraprismatic enamel ( Fig. 6(e) ). In addition, cracks traversing from the outer enamel into the decussated region encountered interprismatic regions ahead of the crack tip running oblique (in some regions perpendicular) to the crack plane resulting in loosening (microcracking) along the prism boundaries.
Discussion
An evaluation of the fracture behavior of human enamel was conducted from incremental crack growth measurements and a corresponding analysis using traditional fracture mechanics. Results showed that enamel exhibits rising R-curve behavior and that the crack growth resistance is a function of distance from the DEJ. The outer enamel exhibited the lowest resistance with [3, 15, 24] . However, the fracture toughness is more than twice the estimates obtained from indentation fracture resistance measurements. Interestingly, the outer enamel (Fig. 4 ) offered minimal rise in the crack growth resistance with extension and essentially a ''flat'' R-curve response. The initiation toughness defined at the onset of growth is within 10% of the toughness of monolithic hydroxyapatite (0.6 MPa m 0.5 ) [25] . From a mechanistic point of view both hydroxyapatite and the outer enamel lack the microstructural features that dissipate fracture energy like that within the decussated region. There appears to be functional significance to this behavior: enamel guides surface cracks through the region of straight prisms in the outer enamel towards the inner regions. This guided crack growth prevents chipping of enamel, but contains the crack within the tooth. Crack extension into the inner enamel promotes extrinsic toughening that raises the measured growth resistance to over three times that of K o . The ability to transform from a flat R-curve behavior in the outer enamel to a rising resistance in the inner enamel is a very unique quality, and one that appears unprecedented in evaluations of the crack growth resistance of other hydrated tissues, and especially engineered materials.
Observation of the fracture surfaces revealed distinct mechanisms contributing to the difference in growth resistance between the outer and inner enamel. Crack growth along the straight prisms of the outer enamel was mostly confined to the weak matrix about the interprismatic space as evident from the exposed dome-shaped prism heads raised above the fracture plane (Fig. 6(b) ). The rise in crack growth resistance in the inner enamel was associated with a highly tortuous fracture plane (Fig. 3(d) ) resulting from meandering of the crack through the decussated enamel. Crack plane deflections up to 70 and twist angles up to 45 were observed, especially in close proximity (w500 mm) to the DEJ (Figs. 3(d) and 6(c) ). Such deflections promote a decrease in the local stress intensity at the crack tip that is otherwise available to drive fracture. A simple quantitative estimate for the reduction in local stress intensity at the tip of a deflected crack can be obtained using [26] :
where k 1 and k 2 are the local stress intensity for the deflected crack and K I and K II are the far field (or global) stress intensity for the main crack. Coefficients a ij (q) are mathematical functions of deflection angle (q). The effective stress intensity (K eff ) at the tip of the deflected crack can be estimated by:
For a 70 crack deflection (from Fig. 3(c) ), the stress intensity at the crack tip is reduced by over 30%. The stress intensity at the crack tip is further deceased by the combined effect of deflection and twist. The corresponding stress intensity factors (K T ) applicable for crack twist can be expressed as [27] :
where K T 1 and K T 3 are the local mode I and mode III stress intensity for the deflected and twisted crack. Coefficients b ij (f) are angular functions of twist angle (f) and k 1 and k 2 are the local stress intensities for the deflected crack obtained from Eq. (2). For combined contribution of deflection and twist (f ¼ 45 ) the stress intensity at the crack tip can be reduced by almost 75%. Note, however, that such crack deflections are not continuous, but scattered across the specimen thickness. This is a formidable problem to approach analytically, and is reserved for future study.
Bridging of the crack by unbroken ligaments of tissue and the organic matrix operating within the inner enamel promoted shielding and further reduced the local stress intensity available to drive fracture. Such mechanisms promote crack closure that requires higher driving forces for continuing crack propagation. Crack bridging has been found to be a significant contributor to the toughness of bone [28] and dentin [29] . First order theoretical estimates of bridging stress intensity induced by the unbroken ligaments comprised of enamel prisms can be obtained using [30] :
where f b is the area fraction of bridging ligaments (w0.8, from observation of crack path), K I is the applied stress intensity (1.79-2.37 MPa m 0.5 ), [ b is the bridging zone length (w500-700 mm, from observation of crack path), r is the rotational factor (0.20-0.47) [30] and b is the uncracked specimen length (W-a) ( Fig. 1(b) ) ahead of the crack. Substituting typical values for these parameters in Eq. (5) results in bridging stress intensity that ranges from 0.22 to 0.56 MPa m 0.5
. These values represent up to approximately 25% of the global estimates of the toughness.
Observation of the advancing crack also suggested the development and participation of secondary ligaments of organic matrix (Fig. 5) . While the chemical composition of these bridges was not identified quantitatively, the nonlinear geometry of these bridges and the degree of extension (1-2 mm) indicates that they are not highly mineralized. The reduction in the stress intensity associated with bridging by the organic matrix (Fig. 5) can be estimated using the uniform traction Dugdale-zone model [31] defined as:
where s b is the nominal bridging stress on the protein matrix (assumed to be equivalent to the yield strength of protein w20 MPa . Contribution of the organicbased bridging to toughening is far less than that of the enamel prisms. However, it is the quality of the organic matrix that promotes the development of bridging by the enamel prisms. The microstructure encourages crack growth along the path of highest organic content but the toughness does not undergo a substantial increase because of bridging stress posed by the protein. Considering the combination of mineralized ligament and protein induced bridging results in a reduction of the local stress intensity up to w0.66 MPa m 0.5 .
The intrinsic toughness of a material represents the inherent resistance to development of new crack surface area without the contribution of a process zone. As there is no physical evidence of extrinsic mechanisms operating in the crack wake in the outer enamel ( Fig. 3(a) ) the initiation toughness (K o ) can be used as an estimate of the intrinsic toughness of enamel. The shielding stress intensity (K s ) can then be estimated by subtracting K o from the estimated critical stress intensity (K c ) at fracture, which gives 1.08 MPa m 0.5 -1.72 MPa m 0.5 . But the total stress intensity estimated for bridging using Eqs. (5) and (6) accounts for less than half of this estimate, suggesting that bridging is not the only toughening mechanism in enamel. Crack tip shielding attributed to microcracking in the inelastic region is also an active energy dissipation mechanism. Brittle materials such as ceramics are toughened by microcracks via dilatation and a moderate reduction in the elastic modulus in the process zone [33] . Enamel may undergo similar toughening through loosening of the prisms. The increase in toughness associated with microcracking (K m ) can be estimated from [33] :
where 3 m is the residual volumetric strain (0.002 [34] ), E 0 is the plane strain elastic modulus (90 GPa [8] ), f m is the volume fraction of microcracks (w15%, from observation of crack path), [ m is the height of the microcrack zone (w20 mm, from crack path observation [35] ), b is a factor dependent on Poisson's ratio (w1.2 [34] ).
Substituting typical values for these parameters in Eq. (7) results in a stress intensity ranging from 0.38 to 0.49 MPa m 0.5 . The cumulative stress intensity accounting for these mechanisms (Eqs. (5-7)) ranges from 0.7 to 1.15 MPa m 0.5 . This is a reasonable first order estimate of the contribution from these mechanisms, but does not account for variability related to changes in the microstructure with distance from the tooth's surface. Contributions from microcracking as well as protein bridging should increase with depth as the extent of decussation [36] and degree of protein matrix [1] increase with proximity to the DEJ. Energy dissipation can also occur via mechanisms operating at the sub-micron scale. The crystallites comprising a prism rod undergo gradual transition in the orientation from 0 in the prism head to 90 at the tail (interprism). This large deviation in the orientation of these nano-rods aids in energy dissipation via pullout/fracture of crystallites within the prisms (Fig. 6(c) ) and potentially shearing of individual or bundles of nano-crystallites [37] . A comparison of results from the present study with those from similar evaluations on bone [28, 38] and dentin [39, 40] reveals that all hard tissues of the human body exhibit rising R-curve behavior (Fig. 7) . But surprisingly, the tissue with the highest mineral content (i.e. enamel) undergoes the largest degree of toughening per unit crack extension as shown in [39] and more than ten times that of bone (w0.25 MPa m 0.5 /mm) [38] for comparable lengths of extension (Da < 2 mm). The resulting range of toughness of the inner enamel (1.79-2.37 MPa m 0.5 ) is similar to that of bone 2 (1.6-2.5 MPa m 0.5 ) [38] . Also, unlike the Rcurves for dentin and bone, the enamel response does not achieve a plateau over the physiologically relevant length scale. This finding highlights that there is a continuous growth of the process zone during crack extension in enamel. Saturation of the process zone might only be achieved when the crack penetrates through the DEJ into dentin. It appears that the resistance of the tooth to crack growth is not just limited to the DEJ; the enamel could play an equally important, or perhaps even more important role in resisting tooth fracture. Note that the estimated toughness of enamel (Table 1 ) falls within the range of apparent toughness measures reported in the literature for the DEJ (0.6-3.4 MPa m 0.5 ) [42] [43] [44] [45] . Though the most highly mineralized tissue of the human body, human enamel exhibits exceptional resistance to both cyclic [21] and monotonic crack growth. The remarkable resilience of enamel to crack growth surpasses that of many clinical restorative materials. Within the inner enamel the steepest rise in crack growth resistance occurred for enamel that was in the proximity (w500 mm) of the DEJ. The ''functional grading'' of the DEJ is not limited to the w10 mm interface joining the enamel and the dentin [46] , but extends from the decussated region (w500-700 mm) in the inner enamel to the mantle dentin. Results from the present work showed that the key to the crack growth resistance of enamel is the arrangement of prisms in the inner enamel as well as the presence and the distribution of organic matrix. As such, loss of the organic matrix, or replacement with mineral, could be detrimental to the resistance of teeth to fracture.
Recent research efforts have focused on the synthesis of enamel-like restorative materials or the repair of enamel through controlled remineralization [47] [48] [49] . Biomineralization processes reported to date have not been able to replicate the decussating structure of enamel. The results presented in this work indicate that the development of 'enamel-like' restorative materials for crown replacement must include the complex microstructure apparent in the inner enamel, or a variation with equivalent benefits. Without this feature, achieving the desired strength without compromising the toughness in such biomimetic materials will be challenging. Comparison of R-curve behavior of enamel with monolithic hydroxyapatite [25] , human bone [38] and human dentin [39] . Table 2 Comparison of crack growth toughness parameters for enamel with other hard tissues such as bone [28, 38] and dentin [39] . a K c of bone is for crack lengths less than 2.5 mm [38] . 2 The extrinsic zone in bone is not fully developed for short crack lengths (Da <2.
mm)
. Extrinsic mechanisms are fully evolved for crack growth in the millimetre range (w5 mm) in which case bone exhibits further increase in toughness up to w5 MPa m 0.5 [28, 41] .
Conclusions
Based on a study of monotonic crack growth in human enamel, the following conclusions were drawn: (2) The rise in crack growth resistance was attributed to several mechanisms of toughening including crack bridging, crack deflection and microcracking. These mechanisms appeared to operate only within the inner enamel. The fracture surfaces revealed that crack growth occurred primarily along the interprismatic boundaries. In regions of acute decussation crack growth was retarded by deflection, twist and fracture through the prisms. Overall, the microstructure of enamel promoted guided crack growth and arrest, resulting in substantial toughening. 
